ABSTRACT: The net retention volumes relative to zero adsorbate coverage of adsorbent at 273.2 K, i.e. YO S (27 ))' have been determined on two active carbons with well-developed micropore structures. Kovats retention indices have been calculated on the basis of these net retention volumes using two methods. The first involvedthe substitutionof the net retention volumes in the Kovats equation. The second method, which is a new method, involved a description of the net retention volumes by the function log YO S ( l1J) = f(T c ) ' where T c is the column temperature, followed by the calculation of the average values for the net retention volumes using the best-fit curve. Kovats retention indices were then calculated from the average values of the net retention volumes.A comparison of the results obtained indicates that the new method appears to yield better values. The Kovats retention indices obtained via both methods were also calculated using a quadratic equation.
INTRODUCTION
Inverse gas chromatography (lGC) is widely used for investigating both carbon and non-carbon adsorbents characterized by weakly and strongly developed micropore structures (Paryjczak 1986; Conder and Young 1978) and polymers (Nesterov 1988) . The chromatographic data thus obtained allow the calculation of the physicochemical adsorption parameters for these adsorbents, i.e. the standard free energy of adsorption, the surface energy and the specific interaction entropy. The suitability of IGC for such physicochemical investigations is linked to the fact that chromatographic processes are related both to the properties and the physicochemical interactions between the column filling (e.g. carbon or non-carbon adsorbents) and the substances chromatographed. These interactions lead to the retention of the chromatographed materials, with the general dependence between the retention values and the properties of such materials being expressed by the equation (Berezkin 1991) :
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net retention volumes (i.e. the specific retention volumes relative to the specific surface area of the adsorbent) of a compound of known retention index, and of n-alkanes containing z and z + I carbon atoms, respectively. Instead of employing net retention volumes in equation (1), it is also possible to substitute specific retention volumes or adjusted retention volumes. . One important parameter used for characterizing the retention of a substance in a precisely defined chromatographic system is the Kovats retention index. For G = 100, M = 1 and F =z in equation (I), its magnitude may be calculated from:
InV -lnV I = lOOz + 100
where VS(273),' VS(273)7 and VS(273)7+1 are the net retention volumes for the compound of known retention index and for two consecutive n-alkanes with z and z + 1 carbons atoms in their respective molecules, provided that V S (273)7 < V S (273), < V S (273)l +1 and z~5.
In practice, most chromatographic processes are non-ideal and linear (Carrott and Sing 1989) with ideal, linear (Pyda and Guiochon 1997) and ideal, non-linear (Stanley and Guiochon 1995) processes being much more rare. Only in a few articles involving adsorbent investigations have results corresponding to non-ideal, non-linear chromatographic conditions been described (Jaulmes et al. 1984) .
If the retention time of the adsorbate depends on the amount of the latter injected into the column, the retention volume and the Kovats retention index will also exhibit such a dependency. For ideal, non-linear chromatography, Berezkin and Koro1ev (1993) have proposed the following equation for the dependence of the retention index on the amount of adsorbate injected into the column: This paper describes a new method for calculating the net retention volumes and the Kovats retention indices based upon them. The proposed method may be applied in those cases where the temperature retention dependence is a continuous function over the temperature interval in which measurements are undertaken.
EXPERIMENTAL Adsorbents and adsorbates
Two activated carbons, Rand NP5, supplied by the Wood Dry Distillation Factory, Hajn6wka, Poland, were employed as adsorbents. Mineral matter was not removed from the adsorbents and the active carbon grains had an average diameter of 0.30-1.25 mm. Before any experiments were conducted, the adsorbents were degassed in a vacuum drier at 453 K and 1.5-2.5 kN/m 2 pressure for 10 h.
The following substances were used as adsorbates: n-pentane (Merck, for gas chromatography), n-hexane (JT. Baker, p.a.), n-heptane (Merck, for gas chromatography), benzene (S.A.UCB, p.a.), 
Static measurements
The adsorption characteristics of the active carbons studied were determined on the basis of nitrogen adsorption isotherms determined volumetrically at 77 K. The specific surface areas for the R and NP5 samples calculated from these isotherms were 990 and 1360 m 2/g, respectively, while their micropore volumes were 0.41 and 0.53 cmvg, respectively. Figure 1 depicts the corresponding nitrogen isotherms determined on the active carbon samples employed.
Chromatographic measurements
Chromatographic measurements were carried out using a Unicam 610 gas chromatograph fitted with an on-line Unicam 4880 Chromatography Data Handling System which was switched on when a sample was injected. The active carbons were placed in 65 cm x 0.4 cm i.d. glass columns, the length of the adsorbent bed in each column being 6-7 em. That part of the column which was unoccupied by the adsorbent was filled with glass beads of 80 mesh size. The filled column was mounted in the chromatograph thermostat and heated at 603 K for to h in a helium stream at a flow rate of 40 cmvmin in such a way that the stream did not flow through the detector. Measurements of the retention times of the various hydrocarbon adsorbates were carried out over a temperature. range of 523-593 K (except for cyclohexane on carbon NP5 which was studied at 523-553 K) using helium at a flow rate of 40 ± 1 cmvmin as the carrier gas and employing a flame ionization detector, with a thermal conductivity detector being employed for inert gases. The gas hold-up time,~' was determined from direct measurements using methane and was checked by the homologous series method (Conder and Young 1978) employing n-alkanes. The gas hold-up time was also calculated from the equation (Parcher and Lin 1981): (4) (5) where t R and M j are the retention time and molecular weights of the inert gases i (Ar, Kr, Ne and Xe), a and b are constants and <1\ is a potential energy parameter. The differences between the values determined by equation (4) and by direct measurements varied from 0.001 min to 0.003 min.
The retention times of the adsorbates were measured for different sizes of sample injected directly on to the column while the net retention volumes relative to 273.K and the specific surface area, YS12731' were calculated from the equation (Paryjczak 1986 ):
where Pi is the pressure at the column inlet, Po is the pressure at the column outlet (barometric pressure), Pw is the water vapour pressure at ambient temperature, Fe is the flow rate of the carrier gas as measured by a soap flow meter at the column temperature T e and w is the total mass of adsorbent in the column.
RESULTS AND DISCUSSION
The chromatographic peaks obtained for all the systems tested were asymmetrical in shape, with the retention times depending on the size of the sample injected and with no superposition of the approach and receding sides of the peaks (see Figures 2 and 3) . The peak profiles obtained indicate that the various systems studied corresponded to non-linear, non-ideal chromatography (Paryjczak 1986; Conder and Young 1978) . The retention times were reproducible for the same volume of adsorbate injected. Similar results were obtained by Flour and Papirer (1982) when tetrahydrofuran was adsorbed on short glass fibres with a specific surface area of 0.30 m 2/g and Jaulmes et al. (1984) have studied such peak profiles in non-linear gas chromatography.
The net retention volumes relative to 273.2 K and the specific surface area, YS12731' as calculated from the peak maximum retention times using equation (6), depended on the size of sample injected on to the column, m. The net retention volume of the adsorbates increased to a definite value of the net retention volume at zero adsorbate concentration [zero coverage of the adsorbent surface with adsorbate, yOS1273) as the sample size decreased:
(6) the net retention volume at zero coverage, YO S <273l' being a physicochemical constant in this case. The net retention volumes at zero coverage calculated from the peak maximum retention times using the proposed method (see below) are linked to the partition isotherm and adsorption isothenn for the chromatographed adsorbates at the adsorbent interfaces (Berezkin 1991) .
Kovats retention indices have been calculated on the basis of the values obtained for the net retention volumes via two methods. The first method involves the substitution of the yO S(2731 values in equation (2), the results obtained by this method being listed in the columns denoted as I in Tables 1 and 2 . The second method, which is a new method, involves the description of the net retention volumes by an Antoine-type hyperbolic dependence: 
over the column temperature interval in which they are determined. Next, the average values of the net retention volumes were calculated on the basis of the best-fit curve, the latter being computed using the Levenberg-Marquardt method (Press et al. 1986 ). The initial values of the coefficients A, Band C were obtained from equations [9(a)-(c)] published by Bruno et al. (1996) in which the Kovats retention indices were converted to net retention volumes at zero coverage:
Subscripts I, 2 and 3 relate to retention time measurements at different column temperatures but with the same carrier gas flow rates. For all systems tested, the correlation coefficients were not less than 0.99. Kovats retention indices calculated from the values of the net retention volumes as determined by the second method described above are listed in the columns denoted by II in Tables I and 2. Analysis of the results obtained allows the adsorbates used to be arranged according to the increasing values of their Kovats retention indices (Tables I and 2 , columns II) as follows:
On active carbon R: cyclohexene < 1,3-cyclohexadiene < benzene < cyclohexane over the whole temperature interval studied on the various columns employed.
On active carbon NP5: cyclohexene < cyclohexane < 1,3-cyclohexadiene < benzene over the temperature range 523-533 K; cyclohexane < cyclohexene < 1,3-cyclohexadiene < benzene over the temperature range 543-553 K; cyclohexene < benzene < 1,3-cyclohexadiene over the temperature range 563-583 K; cyclohexane < 1,3-cyclohexadiene < benzene at 593 K.
This arrangement of the adsorbates is not much different from the sequences obtained on the basis of their calculation by the classical method (Tables I and 2 , columns I):
On active carbon R: cyclohexene < 1,3-cyclohexadiene < benzene < cyclohexane over the temperature range 523-583 K; cyclohexene < benzene < 1,3-cyclohexadiene < cyclohexane at 593 K.
On active carbon NP5: cyclohexene < cyclohexane < 1,3-cyclohexadiene < benzene over the temperature range 523-533 K; cyclohexane < cyclohexene < 1,3-cyclohexadiene~benzene over the temperature range 543-553 K; cyclohexane < benzene < 1,3-cyclohexadiene at 563 K; cyclohexene < 1,3-cyclohexadiene < benzene over the temperature range 573-583 K; cyclohexene < benzene < 1,3-cydohexadiene at 593 K.
The Kovats retention indices calculated by the classical method exhibit a considerable scatter in their values, with the confidence limits of the arithmetic mean of the Kovats retention index for a probability level of 95% ranging from a few to anywhere from 10 to 20 index units (i.u.). The TABLE3. Coefficients of Quadratic Equation (9) standard deviation for the arithmetic mean of the retention index, S, was ± 2.2 i.u. However, for the proposed method, the confidence limits at the same probability level were not higher than 1.6 i.u. while the standard deviation of the arithmetic mean of the retention index was not higher than ± 0.29 i.u. Analysis of the results obtained showed that the proposed method slightly altered the listing of the adsorbates according to their retention index values because of the more precise determination of the Kovats retention index values obtained using the proposed method. The calculated Kovats retention indices may be described by the following quadratic dependence:
However. the fit of the Kovats retention indices obtained by the classical method to equation (9) are worse than those obtained by the proposed method, the various values computed via equation (9) being listed in Tables 3 and 4 . Equation (9) was not used for describing the temperature changes of the Kovats retention indices obtained for the same chromatographic system, although its use for a range of adsorption systems gave good results. Similar results have been described for other adsorption systems involving halocarbons, e.g. low molecular weight hexatluoropropylene polymers on graphitized carbon black (Bruno et al. 1996) , a system which could be described by the equation: B* I =A*+--- Equation (10) was only capable of describing some systems as far as the present studies were concerned, i.e. the benzene/R system as calculated by the proposed new method and the I,3-cyclohexadiene/R and 1,3-cyclohexadieneINP5 systems as calculated by the classical method.
CONCLUSIONS
The proposed method for calculating Kovats retention indices allows (i) the avoidance of large errors arising from inaccuracies in the determination ofthe retention time, (ii) results to be obtained which are independent of the amount of adsorbate injected on to the column and (iii) the calculation of chromatographic data measured on unground microporous active carbons at relatively high carrier gas flow rates. The temperature dependence of such Kovats retention indices may be described by means of a quadratic equation.
